The complete sequence (14 971 bp) of the Ruspolia dubia mitochondrial genome was determined and annotated. The genome contains the gene content, base composition, and codon usage typical of metazoan mitochondrial genomes. All 37 genes are conserved in the positions observed most frequently in insect mitochondrial genome structures. The secondary structures of both small subunit and large subunit rRNA were predicted. The most unusual features found were the initiation codon (TTA) of COI and a short A+T-rich region of 70 bp in length. In addition, a short, highly conserved polythymidine stretch that was previously described in Orthoptera and Diptera was also present in the A+T-rich region.
Introduction
The arthropod mitochondrial DNA (mtDNA) is a doublestranded, circular molecule of 14-19 kb in length. It usually contains a remarkably conserved set of 37 genes: 22 encoding tRNAs, 2 encoding rRNAs (lrRNA and srRNA), and 13 encoding proteins that are involved in electron transport and oxidative phosphorylation (Wolstenholme 1992; Boore 1999) . Additionally, the insect mitochondrial genome (mitogenome) contains a major non-coding region known as the A+T-rich region that plays a role in the initiation of transcription and replication (Wolstenholme 1992) . The length of the A+T-rich region ranges from tens to several thousands of base pairs (Lewis et al. 1995; Shao et al. 2001) . It is one of the most variable regions of mtDNA, not only because of its high rates of nucleotide substitution and insertions/ deletions, but also because of the presence of varying copy numbers of tandemly repeated elements (Zhang and Hewitt 1997; Duenas et al. 2006 ). The structural organization of the insect mtDNA A+T-rich region (also known as the control region) has been studied extensively (Zhang et al. 1995; Zhang and Hewitt 1997; Duenas et al. 2006; Cha et al. 2007) .
Mitochondrial genes are commonly used molecular markers for phylogenetic studies at various taxonomic levels (Simon et al. 1994) . Recently, mtDNA has been extensively used in studies of phylogenetics, phylogeography, population structure and dynamics, and molecular evolution at the genomic level. The growing interest in mitochondrial genomes has triggered a rapid increase in published complete mitochondrial genome sequences. Complete mtDNA sequences have been determined for nearly 1000 metazoans and are available in GenBank. However, most of these sequences are from vertebrates, while the numbers for other animal phyla are lagging behind (Boore 1999) . Sixty-five complete insect mtDNA sequences from 17 orders have been determined, 19 of them from Diptera, 11 from Hemiptera, 7 from Lepidoptera, and only 2 from Orthoptera: those for Locusta migratoria and Gryllotalpa orientalis.
In this paper, we report the complete mitogenome of Ruspolia dubia, which belongs to the family Conocephalidae, superfamily Tettigonioidea, suborder Ensifera, order Orthoptera. Our goal in sequencing the mtDNA of other orthopteran taxa was to help characterize the evolution of the mitogenome structure of Orthoptera.
Materials and methods

Insect collection and DNA extraction
Specimens of R. dubia were collected by Yuan Huang at Zulu, Hebei, China, in August 2005. All specimens were preserved in 100% ethanol and stored at 4 8C until DNA extraction was performed. Whole genomic DNA was extracted from the leg muscle tissue of a single adult male of R. dubia and digested in 600 mL of protease buffer (0.01 mol/L Tris, pH 7.8, 5 mmol/L EDTA, 5% (w/v) SDS, 50 ng/mL proteinase K) at 65 8C for 3-5 h. The digestion was extracted twice with one volume of Tris buffer-saturated phenol and then one volume of chloroform : isoamyl alcohol (24:1). DNA was precipitated overnight in 2.5 volumes of 100% ethanol at -20 8C. The precipitates were washed once with 70% ethanol, dissolved in 50 mL of double-distilled water, and stored at -20 8C. The DNA was diluted to 50 ng/mL with doubledistilled water before being used as template in long-range PCR (L-PCR).
PCR amplification and sequencing
Two pairs of L-PCR primers were used to amplify the entire mtDNA of R. dubia in 2 overlapping portions (Liu et al. 2006) . L-PCR amplifications were performed with 150 ng of total DNA, 1.5 mL of 10Â LA PCR Buffer (TaKaRa Bio Inc.), 3.0 mmol/L dNTPs (2.5 mmol/L each dNTP), 15 mmol/L each primer, 37.5 mmol/L MgCl 2 , and 0.9 unit of LA Taq polymerase (TaKaRa) per 15 mL of total reaction volume on the MyCycler TM thermal cycler. The cycling protocol consisted of a primary denaturation step at 94 8C for 2 min followed by 40 cycles of denaturation at 92 8C for 10 s, annealing at 44 8C for 30 s, and elongation at 68 8C for 8 min during the first 20 cycles and then an additional 20 s per cycle during the last 20 cycles. The final elongation step was continued at 68 8C for 7 min. L-PCR products were purified with a DNA Gel Purification Kit (U-Gene) after separation by electrophoresis on a 1.0% agarose gel.
Sub-PCR primers were designed from comparison of 12 hemimetabola sequences available in GenBank, except that those for ND2 and srRNA were designed from ''universal'' primers of insect mtDNA (Simon et al. 1994) . Sub-PCR amplifications were performed with 50 ng of the L-PCR products, 2.5 mL of 10Â LA PCR Buffer, 5.0 mmol/L dNTPs (2.5 mmol/L each dNTP), 25-50 mmol/L each primer, 62.5 mmol/L MgCl 2 , and 1.5 units of TaKaRa Taq (or LA Taq) polymerase (TaKaRa) per 25 mL of total reaction volume on the MyCycler TM thermal cycler. The cycling protocol consisted of a primary denaturation step at 94 8C for 2 min followed by 30-35 cycles of denaturation at 94 8C for 10 s, annealing at 38-58 8C for 30 s, and elongation at 72 8C for 1-2 min. The final elongation step was continued at 72 8C for 7 min.
The 28 sub-PCR fragments for R. dubia were directly sequenced after separation and purification. Primers used for cycle sequencing were the same as those used for sub-PCR. DNA sequencing was performed using the ABI PRISM 1 BigDye 1 Terminator v3.1 Cycle Sequencing Kit and the ABI PRISM TM 3100-Avant Genetic Analyzer. All fragments were sequenced from both strands. Sequencing PCR conditions were a primary denaturation step at 96 8C for 1 min followed by 35 cycles of denaturation at 96 8C for 10 s, annealing at 38-50 8C for 1 min, and elongation at 60 8C for 4 min.
Sequence assembly, annotation, and analysis
We used the Staden package (http://staden.sourceforge. net/) for sequence assembly and annotation. Protein-coding genes (PCGs) and rRNA genes were identified by sequence comparison with L. migratoria mtDNA sequences (NC-001712) available in GenBank. In PCGs, the start codon was assumed to be that nearest to the beginning of the sequence alignment. The secondary structures of the rRNA were derived by analogy with models available for other arthropods (Cannone et al. 2002; Gillespie et al. 2006; Podsiadlowski et al. 2006) . Most tRNAs were identified by tRNAscan-SE Search Server v.1.21 (Lowe and Eddy 1997) , and the remaining ones were found by sequence comparison with L. migratoria. PCG sequences were aligned using Clustal X (Thompson et al. 1997) . The aligned data were further analyzed by MEGA 3.0 (Kumar et al. 2004) .
The complete mtDNA sequence of R. dubia has been deposited in GenBank under accession No. EF583824.
Results and discussion
Genome structure, organization, and composition
The entire mitogenome of R. dubia was amplified in 2 overlapping fragments by L-PCR (Fig. 1) . The mtDNA is a Protein-coding genes are transcribed in the clockwise direction, except for ND1, ND4L, ND4, and ND5 (encoding NADH dehydrogenase subunits 1, 4L, 4, and 5) (underlined). The 2 genes encoding large subunit ribosomal RNA (lrRNA) and small subunit ribosomal RNA (srRNA) are on the L strand (underlined). Transfer RNA genes are designated by single-letter amino acid codes, and those on the H and L strands are shown outside and inside the circular gene map, respectively. CR denotes the A+T-rich control region, and L1, L2, S1, and S2 denote tRNA Leu(CUN) , tRNA Leu(UUN) , tRNA Ser(AGN) , and tRNA Ser(UCN) , respectively. Two pairs of L-PCR primers, LPA-L2123 + LPA-H11240 and LPB-L11187 + LPB-H3651 (LP03 + LP04 and LPCyt b + LPCO II in Liu et al. 2006) , amplify 2 segments that cover the entire mitochondrial genome. circular molecule of 14 971 bp, and thus it is the shortest among known mitogenomes of orthopteran insects: 15 722 bp in L. migratoria (Flook et al. 1995) , 15 521 bp in G. orientalis (Kim et al. 2005) , and 15 929 bp in G. gratiosa (Z. Zhou et al., unpublished data) . The sequence analysis revealed a gene content typically found in arthropod mitogenomes: 13 protein-coding genes, 22 tRNAs, 2 rRNAs (lrRNA and srRNA), and the A+T-rich region (Wolstenholme 1992; Boore 1999). The orientation and gene order of the R. dubia mitogenome are identical to those of Drosophila yakuba (Clary and Wolstenholme 1985) (Fig. 1) . This arrangement is conserved in divergent insect orders and is inferred to be ancestral to arthropods. The genes overlap over a total of 56 bp in 13 locations (1-8 bp at each location) in the R. dubia mitogenome. The intergenic spacer sequence (86 bp) is spread over 14 regions ranging in size from 1 to 22 bp. The largest region (22 bp) is located between tRNA Ser(UCN) and ND1 and corresponds to 19 bp in L. migratoria (Flook et al. 1995) and 34 bp in G. orientalis (Kim et al. 2005) . In contrast to L. migratoria and G. orientalis, which contain only one larger spacer, R. dubia contains another 21 bp intergenic spacer sequence between tRNA Arg and tRNA Asn (Table 1) .
The nucleotide composition of the R. dubia mitogenome is biased toward adenine and thymine (70.8%), as are other insect mtDNA sequences ( Table 2 ). The A+T content of R. dubia is intermediate when compared with that of L. migratoria (75.3%) and G. orientalis (70.5%).
Protein-coding genes
The invertebrate mitochondrial genetic code was used to identify open reading frames that were then matched to Note: tRNA, transfer RNA; ND1-ND6 and ND4L, NADH dehydrogenase subunits 1-6 and 4L; COI-COIII, cytochrome c oxidase subunits I-III; ATP6 and ATP8, ATPase subunits 6 and 8; Cytb, cytochrome b; srRNA and lrRNA, small subunit and large subunit ribosomal RNA. Non, non-coding region; OL, overlapping region. those of L. migratoria to identify the 13 PCGs. All R. dubia protein-coding sequences except for COI start with a typical ATN codon (Table 1) . The problematic translational start of the COI locus has been extensively discussed in several arthropod species; suggestions include tetranucleotides (ATAA, TTAA, and ATTA) (Flook et al. 1995; Lewis et al. 1995 ) and a hexanucleotide (ATTTAA) (Junqueira et al. 2004) . In COI of R. dubia mtDNA, however, neither a typical ATN initiator codon nor a tetranucleotide or hexanucleotide is found in the start region or the neighboring tRNA Tyr gene. We found that CTTA is located in the same position as the initiation codon (ATTA) of L. migratoria COI, based on sequence alignment with L. migratoria and G. orientalis mtDNA (Fig. 2) ; however, CTTA has not been reported as an initiation codon of mtDNA PCGs. Instead, TTA, which is a rare but possible initiation codon (Nardi et al. 2001) , is the only possible initiation codon in the start region of R. dubia COI and the upstream neighboring tRNA Tyr gene.
Conventional termination codons (TAA and TAG) could be assigned to most of the putative protein sequences. Only COII and ND5 have incomplete termination codons (T-tRNA). The presence of incomplete stop codons is a common phenomenon in a number of invertebrate mtDNA PCGs ; Kim et al. 2006; Cha et al. 2007 ). The termination codon (TAA) is created by polyadenylation of the RNA message after cleavage, as observed in other animal phyla (Anderson et al. 1981; Bibb et al. 1981; Ojala et al. 1981; Okimoto et al. 1990; Lavrov et al. 2002) . The A+T content of the combined PCGs in R. dubia mtDNA was 69.8%. This value is very similar to that of G. orientalis (69.4%) but lower than that of L. migratoria (74.1%). Analysis of base composition at each codon position of PCGs (Table 2) showed that the A+T content (81.6%) at the third codon position was higher than that at the first (63.9%) and second (64%) positions.
The total number of codons in the PCGs of R. dubia mtDNA was 3722, excluding the initiation and termination codons. The codon usage of PCGs in R. dubia mtDNA and the relative synonymous codon usage values are given in Table 3 . All codons are present in the R. dubia mtDNA PCGs. The 4 most frequent amino acids in the R. dubia mtDNA PCGs are leucine (15.74%), phenylalanine (9.19%), serine (8.84%), and isoleucine (8.36%), and the total content (42.13%) of these amino acids is similar to that in L. migratoria (42.87%) and G. orientalis (42.69%) (Flook et al. 1995; Kim et al. 2005) .
tRNA-coding genes
The whole set of 22 tRNAs typical of arthropod mitogenomes was found in R. dubia, and the secondary structures were drawn for each one (Fig. 3) . All R. dubia mitochondrial tRNAs could be folded into typical cloverleaf secondary structures, except for tRNA Ser(AGN) . The secondary structure of tRNA Ser(AGN) is identical to the Type-9 structure, but the optimal base pairing (9 bp in contrast to the normal 5) exposes the presence of a bulged nucleotide in the middle of the anticodon (AC) stem, there are 6 bp in the TÉC (T) stem in contrast to the normal 5 and only 1 bp in the dihydrouridine (DHU) stem, and there are no connector nucleotides Cedergren 1994, 1997) . The length of R. dubia mitochondrial tRNA genes ranges from 63 to 72 bp. All R. dubia mitochondrial tRNAs possess invariable lengths for the aminoacyl (AA) stem (7 bp), the AC loop (7 nucleotides), and the AC stem (5 bp). Most of the size variation stems from length variation in the DHU and T arms, within which the loop size (3-9 bp) is more variable than the stem size (3-5 bp, except for tRNA Ser(AGN) ). The anticodons are identical to those observed in D. yakuba (Clary and Wolstenholme 1985) and L. migratoria (Flook et al. 1995) .
A total of 37 unmatched base pairs occur in the R. dubia mitochondrial tRNAs. Twenty-four of them are G-U pairs, which form a weak bond, located in the AA stem (6 bp), the T stem (2 bp), the AC stem (10 bp), and the DHU stem (6 bp). The remaining 13 consist of A-C mismatches (3 bp) in the AA stem of tRNA Ile , the T stem of tRNA Met , and the AC stem of tRNA Trp ; A-G mismatches (3 bp) in the T stems of tRNA His and tRNA Leu(CUN) and the DHU stem of tRNA Ile ; U-U mismatches (5 bp) in the AA stems of tRNA Ala and tRNA Ser(UCN) and the AA stem (2 bp) and T stem of tRNA Val ; and U-C mismatches (2 bp) in the AC stems of tRNA Lys and tRNA Arg .
rRNA-coding genes
As in all other insect mitogenomes, the 2 rRNA genes (lrRNA and srRNA) in R. dubia are located between tRNA Leu(CUN) and tRNA Val and between tRNA Val and the Fig. 3 (concluded) . Fig. 4 . The secondary structure of mitochondrial rRNA (srRNA and lrRNA) in R. dubia: (A) srRNA; (B) lrRNA. The differences between our structure and the previously published Apis mellifera structure (Gillespie et al. 2006 ) are within boxes. Parts (a), (b), and (c) show some dissimilarity between R. dubia and A. mellifera (see text).
Fig. 4 (concluded).
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A+T-rich region, respectively ( Fig. 1 and Table 1 ). The lengths of lrRNA and srRNA were determined to be 1302 bp and 882 bp, respectively (Table 1 ). The A+T content (73.6%) of the rRNA genes (Table 2) was the highest among different regions of the R. dubia mitogenome, and the G content (17.6%) was almost twice the C content (8.9%). The secondary structures of the R. dubia mitochondrial srRNA and lrRNA were drawn following the previously published models for Apis mellifera (Gillespie et al. 2006) , and the data fit the models reasonably well. The secondary structure of the R. dubia mitochondrial srRNA consists of 3 structural domains and 33 helices (Fig. 4A) . Three parts (a-c) of the R. dubia srRNA show some dissimiliarity to the A. mellifera model (Gillespie et al. 2006) . Three newly proposed helices are located in domains I, II, and III of the srRNA: H5', H12', and H20', respectively. Domain I is probably the most variable fragment of the entire srRNA, differing in both length and secondary structure. Part a, which was proposed to form a helix (H47) in A. mellifera, with a 30 bp larger loop, can be folded into 2 helices, H4 and H5', in R. dubia. In part b, one newly proposed helix (H12') can be folded between H12 and H13 (H577 and H673 in A. mellifera) . Domain III is probably the most conserved part of the srRNA, and only one newly proposed helix (H20') in part c can be folded between H20 and H21 (H984 and H1047 in A. mellifera).
The secondary structure of R. dubia lrRNA consists of 6 structural domains (domain III is absent in arthropods) and 47 helices (Fig. 4B) . Two parts (a and b) of the R. dubia lrRNA contain 4 newly proposed helices that show some dissimiliarity to the A. mellifera model (Gillespie et al. 2006) . Part a is in domain I of the R. dubia lrRNA and contains 3 newly proposed helices (H-1, H-2, and H-3). Part b contains another newly proposed helix (H16') between H16 and H17 (H991 and H1057 in A. mellifera) in domain II.
A+T-rich region
The A+T-rich region is well known for the initiation of replication in both vertebrates and invertebrates, and its particularly high content of adenine and thymine is one of its most outstanding features (Simon et al. 1994; Boore 1999) . The 70 bp A+T-rich region of R. dubia is located in the conserved position between srRNA and the tRNA Ile -tRNA GlntRNA Met gene cluster (Fig. 1) . In contrast to the A+T-rich region in most insects, the A+T content (71.4%) of this region in R. dubia mtDNA is lower than that of tRNAs (73.4%) and rRNAs (73.6%) ( Table 2 ). The length of the R. dubia A+T-rich region is the shortest among those reported, which range from 73 bp + 47 bp in Heterodoxus macropus (Shao et al. 2001) to 4061 bp in D. melanogaster (Lewis et al. 1995) . In H. macropus, there are 2 A+T-rich regions (73 bp and 47 bp), which is a very rare genomic organization.
The R. dubia A+T-rich region contains a polythymidine stretch that is highly conserved in Orthoptera and Diptera (Fig. 5A) , which may be involved in the control of transcription and (or) replication (Zhang et al. 1995; Cha et al. 2007 ). An alignment of this region with 2 orthopteran species, Schistocerca gregaria and Chorthippus parallelus, showed only a short block of high sequence similarity. These results support the idea that the poly(T) region may be important in the initiation of mtDNA replication or have some other unknown function (Cha et al. 2007) .
Potential secondary structures were obtained for the R. dubia A+T-rich region (Fig. 5B) . The R. dubia A+T-rich region may fold into 2 stem-loop structures. However, no highly conserved flanking TATA sequences at the 5' end or G(A)nT sequences at the 3' end (Zhang et al. 1995) of these stem-loop structures were found. Saito et al. (2005) found a potential stem-loop structure located at a similar position in the A+T-rich region among L. migratoria, S. gregaria, and C. parallelus and proposed that it may be involved in replication initiation because it is highly similar to the stem-loop (Zhang et al. 1995) in the A+T-rich region of Schistocerca gregaria, Chorthippus parallelus, and R. dubia. The poly(T) stretch runs from 14 918 to 14 954 (37 bp) in the R. dubia mitogenome (5'?3'). Asterisks indicate consensus in the alignment. (B) Possible secondary structures of the R. dubia A+T-rich region. structure located around the L-strand origin of vertebrate mtDNA, but the 2 stem-loop structures of R. dubia have scarcely any similarity to it.
